Controversy remains about which tissue is primarily responsible for light attenuation of near infrared spectroscopy (NIRS) in the adult, the spatial resolution provided and the preferred algorithm for quantification. Until recently, changes in NIRS have not been fully quantified and have been difficult to interpret without sophisticated computation. A new development by Hamamatsu Photonics, the spatially resolved spectrometer (SRS), may be able to give a quantitative measure of oxygen saturation. We have incorporated the SRS into a multimodality monitoring system for the purpose of direct validation against jugular bulb oxygen saturation (SjO 2 ) in patients undergoing routine cardiopulmonary bypass (CPB). The importance of this investigation is in the development of the SRS machine which shows potential as a useful clinical tool. The results demonstrated good correlation between SRS and SjO 2 in 12 out of the 24 patients studied. Although these results are encouraging, this study suggests that the SRS, in its present form, is not a reliable clinical monitor of cerebral oxygen saturation during CPB.
INTRODUCTION
Since it was described by Jobsis in 1977, 1 tissue near infrared spectroscopy (NIRS) has become an established research tool with numerous applications. [2] [3] [4] [5] [6] In particular, NIRS has shown potential as a technique for monitoring events of cerebral desaturation noninvasively with good temporal resolution in both neonates [7] [8] [9] [10] [11] [12] [13] and in adults. 1, 2, [14] [15] [16] [17] However, the tissues primarily responsible for light attenuation in adult NIRS remain unclear, [18] [19] [20] [21] [22] as do the spatial resolution and quantification of signal changes. 7, 9, [23] [24] [25] Present commercial instruments detect changes in optical attenuation of a number of wavelengths of near infrared light 26, 27 and various algorithms have been applied to attempt quantification. 2, 9, 24 Claims as to their accuracy remain controversial, 28 and recent evidence showing the variation in the differential pathlength factor among individuals 24, 29 serves to highlight the importance of developing hardware that is able to accommodate differences in patients.
Hamamatsu Photonics, in conjunction with University College London (UCL), have developed a new near infrared spectrometer called the spatially resolved spectrometer (SRS) which may be able to give a quantitative measure of oxygen saturation. 30 Unlike earlier near infrared monitors developed by Hamamatsu, the NIRO 500 and 1000, the SRS is claimed to be capable of measuring the absolute concentrations of hemoglobin and oxyhemoglobin in cerebral tissue, rather than just the relative changes in the concentration of these chromophores.
By testing this instrument on patients undergoing cardiopulmonary bypass (CPB), our aim was to determine whether the SRS provides a valid measurement of oxygen saturation in the adult brain. CPB results in a general reduction in cerebral perfusion pressure. [31] [32] [33] Patients on bypass therefore reliably show global cerebral desaturation. [34] [35] [36] [37] Under these conditions, the oxygen saturation of the venous blood exiting the cranium is uniformly affected. Measuring the right jugular venous oxygenation (SjO 2 ) in this group of patients allows a direct comparison between SRS measurements and invasive jugular venous oximetry. 34, 36, [38] [39] [40] The purpose of the study was to determine how values generated by the SRS compared with those shown by the SjO 2 measurements, thereby assessing the SRS as a po-tential noninvasive tool for the monitoring of cerebral oxygenation.
SPATIALLY RESOLVED SPECTROSCOPY
The theory behind NIRS has been described in detail previously. 3, 9, 41 The SRS differs from conventional NIRS machines by using spatially resolved reflectance spectroscopy to estimate absolute concentrations of hemoglobin (Hb) and oxyhemoglobin (HbO 2 ) in diffuse intracranial tissue and can theoretically provide direct, continuous on-line measurements of measured cerebral hemoglobin oxygen saturation (SmcO 2 ). The basic measurement made is the rate of increase of light attenuation with respect to source/detector spacing.
The SRS delivers four wavelengths of near infrared light through a flexible fiber optic bundle housing four laser diodes (Figure 1 ). Back scattered light is detected by a new design of detector which consists of three closely placed photodiodes arranged in three parallel strips. The light detected by each photodiode is used to generate a plot of log of attenuation against distance from source. The rate of increase of attenuation with respect to source/ detector spacing, i.e., the slope, can then be calculated. These measurements are converted into estimates of the product of absorption and scattering coefficients of the tissue according to the equation
where a ϭabsorption coefficient, s ϭscattering coefficient, Aϭattenuation, and dϭdistance. In vivo measurements have produced an algorithm which gives the scattering coefficient for the tissue and thereby estimates the total tissue absorption coefficient. 29, 30 These calculations are performed at each of the four wavelengths of light. Using a regression model obtained from multiple regression analysis of known Hb and HbO 2 concentrations and absorptions, total absolute concentrations of Hb and HbO 2 for each absorption coefficient can be calculated, and hence SmcO 2 ( Figure 2) .
The SRS displays a table of readings for the light detected at each receiving photodiode for each wavelength of light. The normal measurement con- dition shows the values of the detected light flux increasing exponentially from the most distant detector channel all the way through to the closest. Spacing of the probes is adjustable to ensure that each channel of the SRS detector receives adequate light attenuation and no channel becomes saturated. The regressions of log of attenuation versus source/detector spacing are therefore kept as linear as possible. In practice this means that values should be between 20 and 980, and the offset should be less than 10% of the slope. Inadequate, or too much, flux will result in significant inaccuracies of the SRS calculation and thus invalidate the Hb, HbO 2 and SmcO 2 signals generated. Unlike the NIRO 500 detecting sensor, it is necessary that the SRS detector be placed in the correct orientation relative to the laser diode bundle. The correct orientation ensures that the three photodiodes in the detector head are sited at uniformly increasing distances from the source.
Other models of near infrared spectrometers use photomultiplier tubes, which essentially count individual photons. They are therefore very sensitive to ambient light and problems of oversaturation occur. Since the SRS uses photodiode detectors, which are semiconductor devices, it cannot be damaged by overexposure to room light and is unaffected by ambient light, therefore not requiring shielding. The detector connection to the patient, however, being a low voltage, shielded electrical connection, is more prone to electrical interference from other monitoring equipment and electrical apparatus such as diathermy.
The optodes themselves are held in a black custommade holder which allows them to be set at distances from 3 to 6 cm. The distance can be altered for optimal recording, but it is advisable that it should not be less than 3.5 cm since a distance of less than this would theoretically result in a large contribution to the reading coming from extracerebral tissue.
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METHOD
PATIENT POPULATION AND PROCEDURE
After Local Research Ethics Committee approval and with informed consent, 24 patients (22 male and 2 female) undergoing elective coronary artery bypass grafts (CABGs) were investigated. Of these, 20 cases employed hypothermic bypass and the remaining 4 were carried out at normothermia. The mean age was 62 (range 21-75). Patients with a history of pre-existing cerebrovascular or carotid artery disease were excluded. The anaesthetic technique was standardized and involved premedication with morphine (0.2 mg/kg) and hyoscine (4 mcg/kg), induction with midazolam (0.15 mg/kg) and fentanyl (15 mcg/kg) followed by muscle relaxation with pancuronium (0.15 mg/kg). Maintenance of anesthesia during surgery was achieved with either a propofol infusion (3-4 mg/kg) or isoflurane (Fi isoϭ0.5%-1%). The lungs were ventilated to achieve normocapnia uncorrected for temperature. Arterial oxygen saturation (SaO 2 ) was kept at approximately 97% (see Table 1 ). During hypothermic bypass nasopharyngeal temperature was maintained in the region of 29°C (moderate hypothermia). The average CPB time was 63 min.
INTRAOPERATIVE MONITORING
An Opticath jugular venous catheter (Abbott Laboratories, Maidenhead, UK) was inserted retrogradely into the right internal jugular bulb using standard techniques 43 and connected to a heparinized saline flush at a rate of 3 ml/h. Correct positioning of the jugular bulb catheter was verified by lateral cervical spine x ray. 43 The mean arterial blood pressure (ABP) was measured directly via a 20 g catheter placed in the left radial artery. Blood samples were taken from the jugular bulb catheter and arterial line every 15 min throughout the operation. The measured oxygen saturation and hemoglobin concentrations were assessed using an IL 482 co-oximeter (Instrumentation Laboratories, Warrington, UK). Anticoagulated whole blood was aspirated into the instrument, mixed with diluent, hemolyzed and brought to a constant temperature (37Ϯ0.3°C) in the cuvette. Patient temperature was continually recorded via a nasopharyngeal temperature probe.
The SRS optodes were positioned high on the ipsilateral forehead to avoid the prominent temporalis muscle and sufficiently lateral from the midline to avoid the superior saggital sinus. Care was taken to ensure no hair was between optodes and skin. Probe placement was optimized to keep the value of the offset below 10% of the slope value. In practice this meant that the optode spacing was kept at either 5 or 6 cm.
DATA PROCESSING AND ANALYSIS
Data signals from all the monitored parameters were digitized and collected on computer using specialized multimodality software. 44, 45 Data were tested for autocorrelation to examine the strength of the relationship between the values. Using the Durbin-Watson test we found no significant evidence of autocorrelation for pooled data. Therefore, 
RESULTS
The correlation between SjO 2 measurements and SRS varied greatly from patient to patient. For individual cases, r values were in the range of 0.08-0.97 (Table 2 ). However, correlation was seen in 12 out of 24 patients (denoted by † in Table 2 ) and of these, 9 gave consistently good results throughout. There were no apparent clinical differences among the patients that would account for these variations. . For the latter case, it can be seen that the SRS readings did not show a great deal of change throughout, while the SjO 2 readings followed the expected pattern. [34] [35] [36] [37] Where SRS changes closely followed SjO 2 readings, the SRS responded to periods of desaturation more rapidly than the jugular bulb catheter ( Figure  4) .
Analysis of pooled data showed a significant correlation between SRS and SjO 2 changes with a partial correlation coefficient of 0.56 (pϽ0.000 01).
HYPOTHERMIC BYPASS
Dividing the hypothermic bypass operations into four periods demonstrates a significant difference between the SjO 2 values obtained pre-bypass, during early bypass and in the rewarming phase (Figure 5) . The SjO 2 values were highest during bypass and fell during the rewarming period to values lower than the pre-bypass figures. There was less of a difference between the rewarming and postbypass values. Typically the values obtained during bypass were in the region of 75% saturation, and the lowest values obtained were seen during rewarming, typically around 52% ( Table 1 ). The SRS readings followed a very similar pattern, with a significant difference seen between the early bypass period and rewarming. However, the SRS values were lower than the SjO 2 and the range of changes much smaller.
NORMOTHERMIC BYPASS
For those patients undergoing normothermic bypass, changes seen in both the SRS and SjO 2 readings were not found to be significant (Figure 6 ).
IN SUMMARY
Correlation between SjO 2 and SRS readings was seen in 50% of cases. Overall, the range of changes seen with the SRS was not as great as those seen with the SjO 2 measurements, and the SRS values tended to be 10%-15% lower than those seen with SjO 2 , in particular during the bypass period (Table  1) .
When the data for all 24 cases were regressed, the scatter of data points was high with an r value of 0.41 ( Figure 7) . 
DISCUSSION
Since the technique was used by Myerson et al. 46 placement of a retrograde jugular bulb catheter has enabled relatively safe direct access to the venous blood draining from the cerebral vasculature. Measurement of the oxygen saturation of this blood has been widely used to provide an indirect estimate of cerebral oxygenation, since it is generally regarded as a reliable indicator of the coupling of cerebral blood flow with metabolism. [47] [48] [49] [50] [51] In many institu- tions the technique is routinely used in the management and monitoring of head injured patients, since evidence suggests an association between low SjO 2 and a poor outcome. 52, 53 The SjO 2 values we obtained prior to surgery and during CPB are comparable with those obtained by other investigators. 36, 54 Despite the variations between SRS and SjO 2 , 50% of the cases demonstrated good correlation, which we believe is encouraging. There are several possible reasons why the SRS and SjO 2 values may not always be similar. SjO 2 measurements give an estimation of the global cerebral oxygen saturation, whereas the SRS measures oxygen saturation in the microvasculature of cerebral tissue, thereby monitoring regional saturation. The extent to which the two sets of readings are the same will depend upon the extent to which the regional saturation monitored by the SRS reflects the average global saturation. Any inhomogeneous distribution of blood and metabolic activity will reduce the correlation between the two measurements.
The small range of SRS values may be expected since the cerebral microcirculation, from which the SRS obtains its values for Hb saturation, although largely of venous composition, has a 25% contribution from the arterial and capillary circulation. The greatest divergence between the two techniques is seen during the early bypass period. This is perhaps not surprising since it is known that the nonpulsatile flow that is associated with cardiopulmonary bypass may result in attenuation of the microcirculation and development of arteriovenous shunts. Changes in autoregulation may also be associated with CPB.
The algorithm of the SRS may be rendered inadequate under conditions of nonpulsatile CPB. Further knowledge of blood partitioning during bypass may be required to update the algorithm and to restore accuracy. Hemodilution will affect the SRS readings, since the saturation is calculated from the Hb concentration. Temperature dependent spectral changes of the near infrared absorption spectra of hemoglobin have been previously reported, 55 so it is likely that the periods of hypothermia could introduce errors into the readings. Similarly, the scattering changes of near infrared spectroscopy with temperature could bias the SRS readings since the scattering coefficient for tissue ( s ) is assumed to be constant.
When interpreting the results, an important consideration must be the theoretical problems associated with measuring small changes in Hb and HbO 2 concentrations in the adult head using NIRS. Since the changes in Hb and HbO 2 concentration may come from any compartment of the illuminated tissue, 22 the question of extracranial contamination is important. 16, [18] [19] [20] [21] 56 It is known that, in the adult brain, scattering tends to be random and unpredictable. 57 Modeling based on magnetic resonance imaging (MRI) and showing photon measurement density function (PMDF) calculations carried out at UCL have demonstrated that adult head models show very little sensitivity for either NIRO 500 or SRS in gray and white matter regions (personal communication). The machines appear to probe mostly skin and skull. It is also possible that the cerebrospinal fluid (CSF) layer, by causing a uniform distribution of near infrared light, results in a reduction in the calculated SRS slope and ultimately to abnormally low values for saturation. Our own work using NIRS during carotid endarterectomy has shown a considerable extracranial component to the NIRS signal changes in adults. 16, 58, 59 It is likely that, as with previous NIRS techniques, the SRS will provide more reliable data when used with neonates.
SUMMARY AND CONCLUSION
By estimating the absolute cerebral hemoglobin saturation, spatially resolved spectroscopy is a promising tool for the noninvasive monitoring of cerebral oxygenation. Reliable detection of cerebral desaturation from jugular vein catheterization is difficult and prone to artifacts. [60] [61] [62] There are also potential complications from the procedure. SRS is noninvasive and gives continuous on-line measurements. Since continuous cerebral perfusion is not required, it provides a means of monitoring cerebral oxygenation during surgery involving deep circulatory arrest. It also has the advantage of being less sensitive to alterations in arterial blood pressure or to acute temperature fluctuations. The probes can be applied and readings monitored without the need for expertise. Validation of such a NIRS monitor is therefore of considerable interest.
However the results of our study suggest that the SRS is not, as yet, a reliable monitor of cerebral oxygen saturation during CPB. Various factors, including hemodilution, hypothermia and extracranial changes make validation difficult. The algorithm requires correction factors be applied for these variables. In particular, we consider that future developments will need to extract the extracerebral signal components. Further validation studies to investigate SRS reliability in different clinical scenarios are required.
